Introduction
The principles and practice of genetic identification are now well established (1) . Testing of human deoxyribonucleic acid (DNA) is routinely used in legal and forensic casework. The technology has been implemented extensively in the United States of America, where convicted felons are registered on a DNA sample database. In addition, the United States Armed Forces have operated a programme of DNA-dog-tagging for a number of years. In the United Kingdom, the Home Office and Forensic Science Service have been operating a programme of DNA sampling and analysis for three years, and this programme has proved very effective in identifying repeat offenders. Beyond official and judicial applications, the technology is being used by an increasing number of private companies, where paternity testing is required for purposes such as child support.
Similarly, within the specialised area of pedigree animal breeding, particularly of cattle, horses and dogs, DNA testing is widely used to confirm the parentage of new registrants, and DNA verification of pedigrees is progressively replacing testing based on blood types. A DNA testing laboratory is likely to be found in most countries in which livestock production and pedigree breeding are significant activities. These laboratories, often associated with a research centre, provide the infrastructure for a DNA-based animal identification system. The activities of the laboratories are standardised through the work of the International Society for Animal Genetics (ISAG), which conducts ring-trials and inter-laboratory comparisons on a regular basis.
The application of DNA identification technology to issues of animal and meat traceability is an extension of the basic methods to a new area.
certain DNA sequences code for the production of particular proteins, animals can therefore vary at this protein level, for example in blood type. Thirdly, animals can vary in physical characteristics such as size, shape and colour. Such traits are partly determined by the genetic background of the animal, but also by environmental factors.
Since the genome of each animal contains approximately three billion DNA units (base pairs [bp] ), the scope for variation among the DNA sequences of animals is enormous. A number of forces drive and maintain this genetic variation: sexual reproduction mixes the chromosomes at every generation, leading to a nearly infinite array of possible genetic combinations; through recombination, entire sections of a chromosome can be replaced with the DNA of a different chromosome; mutation causes new DNA units to be added and old units deleted. These contribute to the unique nature of the genetic makeup of an individual animal. The resulting variation is subject to varying selection pressures, generating further differences between individuals and groups.
Development of genetic identification technologies
In 1985, Jeffreys et al. discovered that when DNA is digested with specific enzymes, the pattern of resultant DNA fragments, as resolved by gel-electrophoresis, is specific to the individual (3). This process became widely-known as DNA fingerprinting. The technology was initially applied in forensic studies and proved an extremely powerful source of evidence in legal cases.
The use of this technology has broadened to encompass parentage testing and a wide range of applications in genetic research. However, limitations of DNA fingerprinting were also recognised at an early stage. The DNA fragment patterns were highly complex and not easily reproduced. Furthermore, DNA fingerprinting required a relatively large amount of high quality source DNA and this was not always available, particularly in forensic cases.
The development of another process by Mullis et al. in 1986 (5) , and the application of this process to a particular type of DNA sequence led, in 1989, to the development of current DNA identification technology. The idea was to generate, in a test tube, large quantities of specific target DNA sequences, where the sequences are specified by a pair of short (approximately 20 bp) artificial DNA primers. This process, which is known as the polymerase chain reaction (PCR), has become the foundation of modern molecular genetics.
In essence, PCR is very simple. The DNA is extracted from a sample source, for example blood, meat or hair roots. The extracted DNA, in the presence of a complex mix of reagents, is heated to 95°C. This causes the DNA strands to separate. The temperature is then reduced to 55°C and the pair of DNA primers bind to the complementary template sequence. The temperature is then increased to 72°C, at which point an enzyme called Taq polymerase becomes active. The enzyme recognises the primed sequences and begins to replicate the DNA strand between the two primed sites. This temperature regime is repeated many times, each time doubling the amount of target DNA (Fig. 1a) .
The PCR alone is not sufficient to allow individual identification. It is necessary to find sequences of DNA that vary among individuals. In 1989, the PCR process was first applied to a type of variable DNA sequence called simple tandem repeats (STR) or microsatellites, and this led to present day genetic identification, more generally known as DNA profiling.
Microsatellites are short runs (< 100 bp) of tandemly repeated DNA with each repeat having a length of 6 bp or less. Most microsatellite variations are based on dinucleotide repeats (i.e. the repeating unit consists of 2 bp). The most common are CA (cytosine and adenine) repeats, which account for approximately 0.5% of the DNA in each cell, corresponding to about 150,000 individual CA microsatellites. Mono-, tri-and tetrameric repeats also show variation, but are less common.
The variation that is useful for identification purposes is caused by natural mutation. Microsatellites, because of their sequence composition are subject to 'slippage', which leads to strand misalignment during normal DNA replication or repair. Typically, mutation will lead to a modest increase or decrease in the total number of repeat units. These differences accumulate over many generations and result in different individuals having different microsatellite variants.
A particular microsatellite locus for an individual sample can be targeted using the PCR process. By exposing the PCR product to an electrical current, the product will move through a gel at a rate determined by its size (i.e. length). The length of the two variants, one for each of the paired chromosomes, can therefore be measured (Fig. 1b) . This process requires that the PCR product is labelled in a way that allows it to be visualised. Generally, this was achieved using radioactive materials and a form of photography.
This technique has now largely been replaced by the use of fluorescent dyes that emit light when excited by a laser at a particular frequency. This light emission is recorded by a scanning microscope and converted into an electronic image file suitable for manual or automated interpretation.
Typically, the number of length variants or alleles for each microsatellite is in the order of five to ten. For example, a microsatellite locus having four alleles (with its flanking primer sequences) might have the following possible size variants: 100, 102, 106 and 108. The numbers represent the number of bases in the different variants. Note that the variants differ by two units, or multiples of two, since each increment in the number of repeats is a dinucleotide, i.e. two bases in length.
For each of the paired chromosomes, a length is recorded at the microsatellite locus or position. However, if a large number of individuals were tested, some could share the same two measurements. This problem is solved by testing a number of different microsatellites and combining the results. Some statistical theory is required, a brief summary of which is presented in the next section. Figure 2 and Table I illustrate the principles underlying microsatellite data interpretation.
A significant new development in the field of molecular genetic identification is currently underway. A new class of DNA markers called single nucleotide polymorphisms (SNPs) is being researched. As the name indicates, an SNP concerns genetic variation at the lowest possible level, that is at a single base or nucleotide. As a result, the amount of genetic variation in each such unit is limited. In contrast to microsatellites with numerous alleles, SNPs have only two alleles. This makes SNP analysis highly amenable to full automation. A possible limitation is that larger numbers must be tested in order to achieve satisfactory power of discrimination.
Broad-based population studies will also be necessary to generate estimates of the allelic frequencies for these new DNA markers. As SNP typing technology has not yet been developed to the point of use for either animal or human identification, this technique will not be discussed further.
Power of discrimination
For simple identity comparisons, the basic question is whether two samples are the same (i.e. genetically identical) or different. The answer, in the case of microsatellite DNA profiles, is a matter of probability.
For an individual animal, consider an STR profile consisting of ten individual STR loci. For simplicity, each STR is assumed to have four alleles. For each STR, the animal possesses two of the four possible alleles, one inherited from the father and one from the mother (for example, alleles 100 and 106). The two alleles together are referred to as a genotype. Therefore, ten genotypes represent the twenty alleles in the ten loci STR profile for this animal. The probability that any other animal shares this exact combination of genotypes is low. Effective discrimination, to the point of unique animal identification, depends on reducing this probability to an acceptably low level. Consider the genotype for the first STR locus in the profile of the animal and the genotype for the same locus in an unknown sample for which a genetic identity comparison is required. If the two genotypes are the same, the sample is declared as identical at this locus. However, some probability exists that the match has occurred by chance, rather than through a relationship between the animal and the query sample. To estimate this probability, information is needed about the frequency of the particular genotype in the population. For this purpose, access to population data for the locus is necessary. Such population data sets have been assembled for most livestock species and for many breeds and varieties within these species. The population data are typically generated in the form of allele frequencies.
If the frequency of each of the four alleles for the first STR is assumed to be 25%, the frequency of the genotype 100-106 in the population can then be calculated. Any individual can receive the allele 100 from its father, with probability 0.25. The probability that the individual received allele 106 from its mother is also 0.25. The probability of this genotype, received in this way, is thus 0.25 x 0.25 = 0.065. Conversely, the individual can receive allele 106 from the father and allele 100 from the mother, again with a probability for this event of 0.065. The probability of the genotype 100-106 in the population is therefore 2 (0.065) = 0.125, or a likelihood of 1 in 8.
Thus, the probability that the query sample has matched to the animal by chance is unacceptably high. This probability diminishes as further STR genotype frequency data are added. Table II shows the reduction in probability with increasing number of loci. For simplicity, all alleles at all loci have been assumed to have a frequency of 0.25. When the data from all of the ten STR loci are combined, the chance of an accidental match is just 1 in 2.147 billion. Clearly the basis for declaring a match depends on the purpose to which the information is to be put. In a civil proceeding, for example, even a two locus test (one in sixty-four chance of error, i.e. accidental match) might be sufficient to reach a verdict, on the 'balance of probabilities'. In a criminal case, eight loci (one in 16.8 million chance of error) might be sufficient to reach a verdict 'beyond reasonable doubt'. This is a somewhat simplified example and a variety of conditional factors would need to be taken into account in any legal proceeding. However, for the operational purposes of matching a meat sample to the animal of origin, STR profiling provides a powerful means by which to associate two samples. been altered in the period between first tagging and subsequent or secondary DNA sampling.
This type of structure has the advantage that if the national herd, or a meaningful subset of the national herd has been tissue sampled and archived, any animal can be tested to confirm identity. Significant logistical challenges arise in establishing such a scheme. However, these should be soluble at reasonable cost. The primary purpose of such a populationwide scheme would be to act as an independent control on the standard tag-based identification scheme.
Analysis of DNA would be required in a minority of cases for particular investigations, and also on a random basis. The integrity of the tag-based scheme could thus be guaranteed.
d) Systematic sampling and DNA profiling of animals. An extension of the previous option is to DNA test each of the source samples and to store this information on a DNA database. This would have the additional benefit of allowing positive identification of the tag number or electronic identification of an unmarked animal. Clearly, the cost of such a programme would be considerable, and issues such as data accuracy would play an increasingly important role. However, technical developments will eventually reduce analytical costs to the point where the generation of DNA profiles might be a viable alternative to storage of tissue samples.
Until scanning the DNA of an individual animal in the field and generating a nearly instantaneous result becomes possible, DNA identification is unlikely to provide a primary means of live animal identification. Even then, visual or electronic tagging would probably be used in parallel. The use of DNA, as a primary means of animal traceability, would require that the information from such a hypothetical reader was downloaded to a central database along with full details of the animal and farm and subsequently made accessible to other interested parties. Such developments are not likely in the foreseeable future. However, option c) above, involving universal tissue sampling and storage, offers a powerful means of controlling the integrity of tag-based identification and is being actively considered by a number of governments in Europe.
Application of deoxyribonucleic acid identification techniques to the traceability of meat products
The application of DNA identification technology to the traceability of meat products is a particularly exciting area. In this situation, DNA provides a very effective means of ensuring that meat products have originated only from the stated source.
Application of DNA identification techniques to traceability of live animals
In the European Union (EU), great value is placed on accurate and secure animal identification (2) . National disease monitoring and eradication programmes depend heavily on conventional animal identification, usually with ear tags. The protection of the integrity of these programmes from fraud is vital. Gains can be obtained from either disguising a diseased animal or by seeking compensation for the presence of a diseased animal, either of which can be achieved through tag switching. Farm support payments are also very heavily dependent on accurate animal identification, and incentives to defraud this system may exist. Animal theft and smuggling provide further possibilities for interference with conventional animal identification.
The DNA identification technology offers a powerful means of authenticating and controlling these conventional animal identification systems. The DNA code is unalterable and present in all parts of the animal. A number of ways in which this powerful technology can be used in the area of live animal identification are described below.
a) Verification of identity by comparing a query sample from a suspect animal to a sample from a known living relative. Full parentage analysis, where samples are available from the sire and dam, is the most powerful possibility. Maternity or paternity analysis can also be useful.
This approach has the benefit of requiring no particular DNA sampling infrastructure, but has the limitation that the animal in question may have no living relatives. A further problem may occur where the documented living relatives are not actual relatives due to error in the original documentation or due to failed artificial insemination and subsequent insemination by a local stock sire.
b) Verification of identity by comparison of a query sample with a sample previously taken from the same animal. Biological samples are often taken from livestock for purposes of disease (e.g. brucellosis) control and eradication. The availability of these samples provides a possible means of authenticating the current identity of an animal under scrutiny. This approach has the advantage of being more powerful than any form of comparative parental analysis.
c) Systematic sampling of young animals and archiving of samples. If samples are taken at first tagging/identification, this provides a very powerful control tool. For instance, a hair or tissue sample taken from a calf and associated with its ear tag or electronic identification number and securely stored for the life of the animal will provide for the possibility of testing the animal and confirming that its conventional identity has not Under EU regulations (2) all fresh meat must be identified with a batch code that enables the group of animals from which the meat was derived to be identified. Furthermore, the ultimate aim in meat traceability is to be able to certify that the meat came from a particular animal.
The technical challenges of conventional tracing technology are so great as to be hardly soluble at reasonable cost. A beef carcass has a unique identity, linked to the identity of the live animal and, increasingly, to the full life history of the animal. However, after processing through to the retail point, the carcass may be disassembled into 500 or more separate pieces. To maintain identity through this processing and distribution chain using conventional labelling systems is enormously expensive, open to error, and requires extensive modification of work practices and distribution systems. In contrast, DNA identification can be implemented efficiently without proliferation of labelling, and with existing batch numbering and work practices largely undisturbed.
Such a system was first proposed by Meghen et al. in 1998 (4) . After extensive trials, a commercial traceability system has been developed by IdentiGEN Ltd. The system has already been implemented by a leading supermarket chain in Ireland to provide full traceability for over 100,000 carcasses. The principles of operation are described below.
A biological tissue sample is taken from each carcass at a point prior to the loss of the individual animal identity. This sample is identified with a code that links it to the individual animal identity and the sample is maintained in an archive (Fig. 3a) . The storage period can vary, but is typically a multiple of the normal recommended usable life of the meat product.
Further samples are routinely taken from a defined proportion of meat derived from the source carcasses (Fig. 3b) . A critical requirement is that, through batch identification, the system provides a link between the meat from which the derived meat samples have been taken and one or a number of source carcass samples (Fig. 3c) . Source carcass samples and associated meat samples are processed through a DNA identification laboratory (Fig. 3d) .
For each source and meat sample, an animal-specific DNA profile is generated. Comparison between the sample DNA profiles is made (Fig. 3e ). This comparison enables individual meat samples to be matched to an individual source carcass sample. Failure to identify a matching source carcass indicates that the meat product has been incorrectly labelled.
To ensure that the matching is accurate, the number of STR to be tested will depend on the number of source carcass samples against which the meat sample is compared. For instance, in some tightly controlled meat processing operations, the individual carcass is boned and packed with the individual identity intact. In such circumstances, the batch size is 1 and the correspondence between meat sample and the carcass is 1:1. Therefore, a match could reasonably be declared after testing a single STR. However, this does not take account of the fact that the two results could be the same purely by chance. This is avoided by testing sufficient STRs to ensure that the probability of making this error is no greater that 0.01% (1 in 10,000). For a wide range of commercial conditions, this can generally be achieved by using four individual STRs. As the ratio of meat samples to carcass samples (batch size) increases to 1:10, 1:50, 1:100, 1:500, etc., additional STRs can be added to ensure that the likelihood of a chance match remains at 0.01% or lower.
The cost of establishing a link between the meat sample and the carcass therefore increases significantly as the batch size increases (Fig. 4) .
population, in this case mainly Charolais; on the degree of heterozygosity in the STRs used; and on the number of STRs involved. Since the trial was based on animals of one breed, the probability of accidental mis-match was higher than for a random sample of animals across breeds. The test is therefore more demanding. The authors emphasised that the degree of variability at each STR locus used is important, and that this can be indicated by the heterozygosity level at each locus. However, it can be shown that if five or more alleles exist at an STR locus, heterozygosity level is unaffected (E.P. Cunningham, unpublished results). This is broadly the case with the eleven loci used in the above study. Finally, the probability of an accidental match of samples from two unrelated individuals was demonstrated to be 1 in 720,000 with five loci, and one in seventy-five billion with eight loci. The authors concluded that 'the feasibility of the method of individual traceability of meat with microsatellite markers has been fully proven in this study.
In particular, this method is specially suitable for the detection of any incompatibility in the identification of a piece of meat with the animal from which it is supposed to originate'.
The technical feasibility of using DNA profiles for traceability of live animals and meat is now fully established. Application of these procedures at different points, and for different purposes, throughout the production and distribution chain is principally a matter of cost.
For identification of live animals, universal use of DNA profiles would not be justified. However, universal archiving of tissue samples could be worthwhile. Combined with a low level of control analyses and more intensive analyses where investigation is required, DNA profiling could underpin the integrity of existing animal identification schemes.
The greatest challenge arises in the post carcass phase. Conventional animal identity is lost once the carcass is divided up. However, all meat derived from a single carcass contains a genetic code unique to that animal. Efficient and cost-effective programmes for using this DNA information to provide full traceability for meat products have now been developed. Systems based on DNA traceability are likely to become standard in the meat industry in the future. The operational and statistical aspects of individual animal traceability based on microsatellites have recently been studied by Sancristobal-Gaudy et al. (6) . Using a sample of 144 cattle, principally Charolais, six tissue samples were taken from each live animal and carcass. Using up to eleven microsatellite loci, error rates were calculated (probability of not detecting a match when one exists; probability of falsely declaring a match when none exists). For the first case, the error was effectively zero: all samples were traced to the correct source animal. Errors of the second kind depended on the nature of the reference 
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Resumen Cada animal difiere de sus congéneres en una serie de planos biológicos. En el plano estructural más básico, cada ejemplar es portador de una combinación única de ácido desoxirribonucleico (ADN), cuya transcripción engendra variaciones en el plano de las proteínas, lo que a su vez da origen a la diversidad individual que se expresa físicamente. En los últimos años, acceder al código genético de un animal ha dejado de presentar especial dificultad. Los autores pasan revista brevemente a la evolución de las técnicas de identificación biológica, para examinar después más prolijamente la aplicación de las técnicas actuales de análisis genético al rastreo de animales vivos y de productos de origen animal. Aunque los principios aquí descritos se refieren sobre todo a la rastreabilidad de bovinos y carne vacuna, también son aplicables a los ovinos, porcinos y equinos. El acelerado ritmo al que progresa la genética molecular hace pensar que las técnicas aquí descritas quedarán pronto superadas. Sin embargo, los principios por los que se rige la identificación genética permanecerán inmutables.
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